GW190425 is the newly discovered compact object binary coalescence consistent with a neutron star-neutron star merger, with a chirp mass of 1.44 ± 0.02 M . No electromagnetic counterpart is firmly associated with this event, due to the poorly informative sky localisation and larger distance, compared to GW/GRB170817. The detection of the gravitational wave signal alone can not rule out the presence of a black hole in the binary. In this case, the system would host a neutron star and a very light stellar black hole, with a mass close to the maximum value for neutron stars. We show that the possible presence of such a black hole in GW190425 would produce a brighter kilonova emission with respect to the double neutron star case. Therefore in GW190425-like events more precisely localised, the identification of a kilonova could help distinguishing the nature of the merging system. The chirp mass, in the narrow range that characterizes these systems, is a key parameter when joint gravitational and electromagnetic observations are possible. The knowledge of its value could help conducting strategic electromagnetic follow-up campaigns that would enhance the probability to identify the nature of the binary and the host galaxy. For GW190425-like events, we construct kilonova light curve models, for both double neutron star and black hole-neutron star binaries, considering two equations of state both consistent with the observations of GW170817 and GW190425, and including black hole spin effects. We show that among the candidate counterparts of GW190425, all classified as supernovae, our models would exclude two events through their early r-band flux evolution. This illustrates that combining the chirp mass and luminosity distance information (provided by the GW signal) with a library of kilonovae light curves can help the electromagnetic follow up campaign, particularly for events with a poor sky localization.
Introduction
The LIGO Scientific Collaboration and Virgo Collaboration (LVC) detected gravitational waves (GWs) from the inspiral and merger of several stellar origin black hole-black hole (BHBH) binaries (LVC 2018a), during the observing runs O1 and O2 (2015-2017) . In August 2017, the first neutron star-neutron star (NSNS) binary coalescence was detected (GW170817, , which was accompanied by broad-band electromagnetic (EM) counterparts , heralding the birth of the multi-messenger GW-EM astronomy. Recently, during the O3 run, the second NSNS merger was detected (GW190425, LVC 2020), but no EM counterpart was firmly associated with this event (Coughlin et al. 2019a) .
The merger of a black hole-neutron star (BHNS) binary represents an highly anticipated GW source (Abadie et al. 2010) . At the time of this writing, LVC reported promising candidates 1 , such as S190814bv (LVC 2019a) and S190910d (LVC 2019b) . No EM counterpart was associated with these candidates (see Coughlin et al. 2019b, and references therein) .
It is anticipated that BHNS mergers can produce EM counterparts as NSNS mergers do, mainly depending on the combination of four binary parameters, namely the BH mass M BH c.barbieri@campus.unimib.it 1 A complete list of candidates is available on the LIGO/Virgo O3 Public Alerts webpage https://gracedb.ligo.org/ superevents/public/O3/. and spin 2 χ BH , the NS mass M NS and tidal deformability Λ NS . The latter depends on the equation of state (EoS) of NS matter Foucart 2012; Kyutoku et al. 2015; Kawaguchi et al. 2015; Foucart et al. 2018) . In particular the optimal condition to favor NS tidal disruption, and therefore the ejecta release that powers EM counterpart emission, is to have low mass ratio q = M BH /M NS , large χ BH and large Λ NS or, equivalently, "stiff" EoS (Bildsten & Cutler 1992; Shibata et al. 2009; Foucart et al. 2013b,a; Kawaguchi et al. 2015; Pannarale et al. 2015b,a; Hinderer et al. 2016; Kumar et al. 2017; Barbieri et al. 2019b) . At leading-order, the orbital evolution of a compact binary system is governed by a combination of the two objects masses, known as chirp mass,
alone, at least in low-latency analysis (Mandel et al. 2015) . In the following, we will refer to these M c values as "ambiguous". For example for the recently discovered GW190425, for which M c = 1.44 ± 0.02, the presence of a BH (or even two BHs) can not be completely ruled out (LVC 2020). As shown in Barbieri et al. (2019a) , the kilonova luminosity from NSNS and BHNS mergers corresponding to the same M c can be very different. Indeed NSNS binaries with "ambiguous" chirp masses have either a NS with M NS ∼ 1.4 and a very massive NS (∼ 2 M , close to the maximum allowed value M max,TOV ), or two NSs with ∼ 1.6 − 1.8 M . In the latter case, the mergers of massive, symmetric and low-Λ NS stars produce very few ejecta (see Fig. 28 and Fig. 2 of Radice et al. 2018a; Barbieri et al. 2019a, respectively) and the kilonovae from these systems can be very dim. Conversely BHNS binaries with "ambiguous" chirp masses can present optimal configurations for ejecta production and be accompanied by bright kilonovae (see Fig. 4 in Barbieri et al. 2019a) . Therefore the detection of the kilonova associated with a merger whose chirp mass is "ambiguous" could be crucial to understand the nature of the system. The capability in distinguishing between NSNS and BHNS would be very important to infer the maximum mass of a non-rotating NS. LVC (2020) reported the upper bound of the 90% credible interval for the more massive component in GW190425 to be 2.52 M . Future detections of similar systems with the associated kilonova compatible with NSNS mergers could demonstrate the existence of NSs with masses above the presently most massive (and best estimated) NS of M NS = 2.14 +0.10 −0.09 M (Cromartie et al. 2019 ). On the contrary, if such "ambiguous" systems were all compatible with BHNS kilonovae, we would obtain two important results: (i) the existence of BHs close to the maximum NS mass, and thus the absence of the compact objects "mass-gap" between ∼ 2 M and ∼ 5 M ; (ii) the narrowing on the uncertainties on the maximum mass of NSs M max,TOV . Both results would be of paramount importance to constrain the NS EoS.
While the detection of the kilonova provides fundamental complementary constraints on the properties of compact object mergers, it seems to be challenging from the observational point of view. Indeed the sky localisation of the GW signal source can be poorly informative (i.e. the mean 50% and 90% area of O3 events likely to be NSNS and BHNS mergers are, respectively, ∼ 2000 deg 2 and ∼ 7000 deg 2 ). Together with the distance uncertainty, this would lead to a volume error box containing thousands of galaxies. This situation is very different from the case of GW170817 that was relatively close and well localised (∼ 180 galaxies were found in the error box, see Arcavi et al. 2017 ).
In the following we infer the properties of kilonova light curves using the composite semi-analytical model developed in Barbieri et al. (2019b Barbieri et al. ( , 2020 ) (see §4). Recently, Kawaguchi et al. (2019) derived kilonova light curves for a limited set of BHNS parameters, obtained from radiative transfer simulations, including multiple ejecta components effects. We find that our light curves peak magnitudes and time behaviour are consistent with theirs.
The paper is organised as follows. In § 2 we discuss that GW190425 could be both a NSNS and a BHNS merger. In § 3 we calculate possible ejecta emission from NSNS and BHNS binary configurations consistent with GW190425 inferred chirp mass. In § 4 we calculate the expected kilonova magnitude ranges for such systems, showing that the detection of the kilonova associated to a GW190425-like event could be fundamental to distinguish the nature of the merging system. Finally in § 5 we discuss how the knowledge of the chirp mass could help the EM follow-up campaign. In particular we apply our argument to the GW190425 EM follow-up.
A black hole in GW190425?
LVC (2020) recently reported the detection of the compact object binary merger GW190425, whose chirp mass is 1.44 ± 0.02 M . This event is most likely identified as a NSNS merger. The masses of the primary (M 1 ) and secondary (M 2 ) star are found to be in the range 1.62 M − 1.88 M and 1.45 M − 1.69 M (90% credible intervals), respectively, assuming low-spin prior (χ<0.05). Instead, assuming a high-spin prior (χ < 0.89), M 1 and M 2 are 1.61 M − 2.52 M 4 and 1.12 M − 1.68 M (90% credible intervals), respectively. In the case of GW190425, the poorly constrained spins and the uncertainty on the EoS that describes the NS component prevent us from clearly distinguishing a NSNS from a BHNS merger based solely on the GW signal. Therefore, the presence of a BH in GW190425 can not be excluded. This would be possible only if there exist stellar black holes with a mass just beyond the maximum mass of a NS. The mass interval from ∼ 2 M to ∼ 5 M is usually defined as the "mass gap", and as of today EM observations do not show evidence of BH in this mass interval (Özel et al. 2010; Farr et al. 2011) . The most massive NS is J0740+6620, with a best measure mass M = 2.14 +0.10 −0.09 M , while the lightest BHs detected by LVC and observed in Galactic X-ray binaries have a mass 7.6 +1.3 −2.1 M (LVC 2018a) and 7.8 ± 1.2 M (Özel et al. 2010) , respectively. However core-collapse supernova (SN) explosion models with long explosion timescales and significant fallback presented in Belczynski et al. (2012); Fryer et al. (2012) can produce remnants with a continuum mass spectrum. Also a recent measurement of a BH with mass ∼ 3.3 +2.8 −0.7 (Thompson et al. 2019 ) and
candidates reported by LVC with at least one component having a mass between 3 M and 5 M (LVC 2019c,d) seem to support the hypothesis of the absence of the "mass gap". With this assumption, in Fig. 1 we show the M 1 − M 2 configurations compatible with the inferred GW190425 chirp mass. We do not consider other constraints from the parameter estimation (PE) because they require computationally expensive, offline calculations. We consider here only the chirp mass estimate which is available soon through low latency analysis and could help the EM search in the very early phases. The red vertical lines in Fig. 1 indicate the maximum NS mass for two selected EoS: "APR4" (Akmal et al. 1998; Read et al. 2009 ) and "DD2" (Hempel & Schaffner-Bielich 2010; Typel et al. 2010) . They are, respectively, one of the softest and one of the stiffest among the EoS consistent with the constraints from GW170817 (Abbott et al. 2019; Kiuchi et al. 2019; Radice et al. 2018c ). The APR4 EoS gives M max,NS = 2.08 M , while DD2 M max,NS = 2.42 M . Configurations on the left of these lines correspond to NSNS binaries, while those on the right are BHNS binaries.
The ejecta from GW190425-like events
In a NSNS merger, partial tidal disruption in the late inspiral phase and crusts impact at the merger produce an outflow of neutron-rich material. Two components can be identified: the dynamical ejecta, which are gravitationally unbound and leave the system, and the accretion disc, the gravitationally bound component around the merger remnant. From the accretion disc other outflows can arise: the "wind ejecta" produced by magnetic pressure and neutrino-matter interaction and the "secular ejecta" produced by viscous processes (e.g. Dessart et al. 2009; Metzger et al. 2010; Metzger & Fernández 2014; Perego et al. 2014; Siegel et al. 2014; Just et al. 2015; Siegel & Metzger 2017; Fujibayashi et al. 2018) .
The radioactive decay of elements produced in these ejecta through r-process nucleosynthesis powers the kilonova emission (Lattimer & Schramm 1974; Li & Paczyński 1998; Metzger 2017) . In order to calculate the dynamical ejecta mass we use the fitting formulae presented in Radice et al. (2018b) (calibrated on a set of high-resolution general-relativistic hydrodynamic simulations). In order to calculate the accretion disc mass we adopt a new fitting formula , in preparation) based on results from numerical simulations presented in Radice et al. (2018b) and Kiuchi et al. (2019) . As can be seen in Fig. 1 , we are considering asymmetric NSNS mergers. For these binary configurations Kiuchi et al. (2019) found that the fitting formula in Radice et al. (2018b) underestimates the accretion disc masses. The new fitting formula from Salafia et al. (2020) instead gives values in good agreement with simulations of both symmetric and asymmetric mergers. Both m dyn and m disc depend on the NS masses and tidal deformabilities.
Also BHNS mergers are expected to produce dynamical ejecta and accretion discs, if the NS suffers partial tidal disruption before plunging into the BH (Rosswog 2005; Kyutoku et al. 2011; Foucart et al. 2013b ). We calculate the dynamical ejecta and accretion disc properties adopting the fitting formulae from Kawaguchi et al. (2016) and Foucart et al. (2018) . We follow Barbieri et al. (2019b) to use as fundamental parameters the BH and NS masses, the BH spin and the NS tidal deformability 5 . 5 We note that the fitting formula for the dynamical ejecta mass from Kawaguchi et al. (2016) also depends on ι, which is the angle between the BH spin and the total binary angular momentum. In this work we consider ι = 0, corresponding to non-precessing binaries. As discussed in Barbieri et al. (2019b) , fixing all the other binary parameters, the larger the BH spin the more ejecta are produced. Therefore in order to obtain the lower and upper bound on possible ejecta production from GW190425, for the BHNS configurations we assume, respectively, χ BH = 0 and χ BH = 0.99. Fig. 2 shows the dynamical ejecta (top) and accretion disc (bottom) masses for configurations consistent with the inferred chirp mass of GW190425.
BHNS configurations are represented by blue curves on the left of the red dashed vertical line (DD2 EoS, M 1 > 2.42 M ) and orange curves on the left of the red solid vertical line (APR4 EoS, M 1 > 2.08 M ). Different line styles indicate the different BH spin values. It is clear that BHNS mergers characterized by small mass ratios and low-mass (large-Λ NS ) NSs represent the optimal combination for ejecta production. Indeed in these cases we expect massive dynamical ejecta and discs for both EoSs and both BH spins. For DD2 EoS, BHNS mergers with χ BH = 0 (χ BH = 0.99) produce M dyn ∼ 4 × 10 −2 M and M disc ∼ 10 −1 M (M dyn ∼ 10 −1 M and M disc ∼ 4 × 10 −1 M ). For APR4 EoS, BHNS mergers with χ BH = 0.99 produce 2 × 10 −2 M dyn 10 −1 M and M disc ∼ 4 × 10 −1 M . Instead for χ BH = 0 they produce 10 −2 M M disc 5×10 −2 M , while dynamical ejecta with 10 −3 M M dyn 2 × 10 −2 are produced only for M BH 2.3 M .
NSNS configurations are represented by blue curves on the right of the red dashed vertical line (DD2 EoS, M 1 < 2.42 M ) and orange curves on the right of the red solid vertical line (APR4 EoS, M 1 < 2.08 M ). It is evident that these configurations are the worst for dynamical ejecta production, since massive NSs have small tidal deformability. Indeed we obtain absence of dynamical ejecta for APR4 EoS and M dyn < 3 × 10 −3 for DD2 EoS. For what concerns m disc , asymmetric NSNS binary configurations produce discs in between the χ BH = 0 and χ BH = 0.99 cases, namely M disc ∼ 2 × 10 −1 M for DD2 EoS and M disc ∼ 4 × 10 −2 M . Moving toward symmetric NSNS binaries (q → 1), the accretion disc masses significantly decrease (for APR4 EoS no disc is even produced for q 1.27).
In the following section we show how the differences in the ejecta properties are reflected in different kilonovae luminosities for the BHNS and NSNS case.
The kilonova of GW190425-like events
We compute the kilonova light curves using the semi-analytical model 6 presented in Barbieri et al. (2020) In Fig. 3 we show the peak absolute magnitude of kilonovae in three relevant bands (g, r, J) from binary configurations consistent with the inferred GW190425 chirp mass. Obviously the kilonova luminosity reflects the ejecta properties (similar trends in this figure and Fig. 2 ). We find that there is a difference of ∼ 1 − 1.5 magnitudes at peak between the most luminous kilonovae from BHNS and NSNS mergers.
In Fig. 4 we show the kilonova light curves ranges for the same bands and for binary configurations consistent with the inferred GW190425 M c . For BHNS cases, the lower bounds are obtained considering non-spinning BHs (χ BH = 0), while the upper bounds are obtained considering maximally-rotating BHs (χ BH = 0.99). For the DD2 EoS, BHNS kilonovae are brighter than the NSNS case at early times (from ∼ hours to ∼ 3 days for g band, ∼ 4 days for r band and ∼ 1 week for J band). For the APR4 EoS the kilonova ranges for NSNS mergers overlap with the BHNS ones in the lower (low-luminosity) region. However many BHNS configurations produce brighter kilonovae with respect to NSNS cases. In particular for the J band in the first ∼ 20 hours all the BHNS kilonovae are brighter than NSNS ones.
In Fig. 4 we also show the limiting magnitude in GW190425 EM follow-up with Zwicky Transient Facility (ZTF, Bellm et al. 2019; Coughlin et al. 2019a) in the g and r bands, assuming that the merger happened at a distance d L = 161 Mpc (LVC 2020). We find that BHNS kilonovae would have been detectable for all (almost all) the binary configurations for DD2 (APR4) EoS in the first ∼ 4 − 5 days. Some NSNS configurations for APR4 (DD2) EoS would have produced detectable kilonova, even if close to the limiting magnitude, for the first ∼ 2 (∼ 4 − 6) days.
EM follow-up strategy with the knowledge of the chirp mass
The possibility to distinguish the nature of the merging system for an "ambiguous" event is related to the detection of the associated kilonova. As explained in § 1, this is not a simple achievement. From the analysis of GW signal the uncertainties on the localisation volume (obtained by combining the sky localisation and the distance estimates) can be very large. Thousands of galaxies (and many more transients) could be present in this volume making the identification of the kilonova associated with the merger very challenging. In the best scenario the kilonova is identified after some time and the short living/rapidly decaying transients are lost. In the worst scenario the kilonova is never identified and all the EM counterparts are lost. In Fig. 4 we show that, knowing the chirp mass, we can calculate the expected kilonova light curves ranges. This could provide useful criteria to maximize the EM follow-up strategy. Indeed the observation of transients consistent with kilonova emission at their first detection could be prioritized for the subsequent photometric and/or spectroscopic follow up, aimed at classifying them. This could enhance the probability of discovering the electromagnetic counterpart to the GW event.
GW190425 was a single interferometer detection. This is one of the reasons why the sky localisation was poorly informative, being the 90% credible sky area ∼ 8300 deg 2 (LVC 2020) 7 . Nonetheless, it is remarkable that the Global Relay of Observatories Watching Transients Happen network observed ∼ 21% of the skymap (Coughlin et al. 2019a ). Among all the transients detected during the first 48 hours, 15 candidates were particularly interesting Anand et al. 2019) . After being observed for ∼ days they were classified as supernovae (SNe) (Coughlin et al. 2019a ).
In Fig. 5 we show how our argument could be applied to the GW190425 EM follow-up campaign. We calculate the expected apparent magnitude range of kilonova light curves using the knowledge of the chirp mass M c = 1.44 ± 0.02 M and the luminosity distance estimate initially circulated by LVC (LVC 2019e) d L = 155 ± 45 Mpc. Considering APR4 or DD2 EoS to describe NS matter, for each of them the lower bound is calculated assuming χ BH = 0 and d L = 200 Mpc, while the upper bound assuming χ BH = 0.99 and d L = 110 Mpc. In Fig. 5 we also show the first detections of 4 promising candidates identified by ZTF. These transients were observed for 1 − 4 days (see Fig. 3 in Coughlin et al. 2019a ) before being classified as SNe. The first detection of the transients ZTF19aarzaod and ZTF19aasckkq is consistent with the expected kilonova ranges, thus subsequent observations would have been anyway needed to understand their nature. Instead the transients ZTF19aarykkb and ZTFaasckwd are inconsistent with the expected kilonova ranges. Therefore other candidates (consistent with the expected range at the moment of their first detection) could have been observed with higher priority. We are quite confident in defining ZTF19aarykkb and ZT-Faasckwd as inconsistent to be the GW190425 counterpart. Indeed these transients would be brighter than the kilonova produced by a merger whose chirp mass is the one inferred for GW190425, that happened at the lower bound of the luminosity distance 1σ interval, where the BH is maximally rotating and the NS EoS is one of the stiffest (DD2) among those consistent with GW170817 event.
Discussion
On April 25 th 2019 a new compact object binary merger was discovered, GW190425, whose inferred chirp mass is 1.44 ± 0.02 M (LVC 2020). The GW signal is most likely consistent with a NSNS. No EM counterpart was firmly associated with this event (Coughlin et al. 2019a) , also due to the poorly informative sky localisation (single interferometer detection) and larger distance compared to GW170817. Assuming a high spin prior, by analysing only the GW signal the presence of a BH in the binary can not be ruled out. In such a case, the system would host a NS and a very "light" stellar BH (close to the maximum mass of a NS).
In this work, we have studied the kilonova emission from both NSNS and BHNS binary configurations compatible with the inferred GW190425 M c . We have shown that if in GW190425 one component was a BH the merger could have produced a kilonova far more luminous compared to the NSNS case (examples of kilonova light curves from BHNS mergers as bright as or brighter than NSNS mergers have already been proposed in i.e. Kawaguchi et al. 2019; Barbieri et al. 2020 ). Therefore we suggest that in GW190425-like events with an "ambiguous" chirp mass (compatible with both NSNS and BHNS binary), the observation of the associated kilonova could break the degeneracy and shed light on the nature of the merging system (as suggested in Barbieri et al. 2019a ). Indeed, the detection of a bright kilonova (i.e. peak at mag −16) would be consistent only with a BHNS merger. This result can be obtained already ∼ hours after the merger, in case of a precisely sky-localised event whose EM follow-up campaign rapidly identifies the kilonova associated with the GW event. Instead from the GW signal analysis alone, offline PE (on a longer timescale ∼ days) can only express the most likely nature of the merging system. The detection of a bright kilonova associated with an "ambiguous" event would be an unprecedented hint on the existence of such "light" BHs, confuting the presence of a "mass gap" between NS and BH mass distributions. Such a discovery would have important impact on the SN explosion models, favoring those producing a continuum remnant mass spectrum. It would also be crucial for constraining the maximum mass of non-rotating neutron stars. Due to the poorly informative sky localisation of GW190425, we can not distinguish if the non-detection of an EM counterpart is due to having missed the host galaxy or to a binary configuration producing a faint kilonova below the limiting magnitude. If instead the GW190425 sky localisation had been more precise (i.e. signal detected in all the three interferometers) and all the galaxies contained in the smaller volume error box had been monitored, the non-detection of the kilonova would exclude the possibility that the event was a BHNS merger and that the EoS of NS matter is rather stiff (as the DD2 EoS of our analysis).
We compared our results with a recent work on the possibility that GW190425 was a BHNS merger , appeared on arXiv during the writing of this paper). Like us, they too find that the kilonova associated with a BHNS merger con-sistent with the inferred chirp mass of GW190425 could have been detected during the EM follow-up.
In addition we have shown how the knowledge of the system chirp mass could restrict the expected interval of kilonova light curves, within present uncertainties on the NS EoS. We recall that the chirp mass is very precisely measured in lowlatency GW analysis (Biscoveanu et al. 2019) . As can be seen in LVC (2018b), the uncertainty on M c increases with the total mass of the binary as more massive systems are shorter-lived and detected over a restricted frequency range. BHBH mergers, detected so far by LVC, show relative errors on the chirp mass e M c ∈ [2 − 20%]. For GW170817 e M c ∼ 0.1%, while for GW190425 the error is e M c ∼ 1% 8 . The BHNS systems we are interested in (with M BH 3 M in order to be consistent with the value of M c in GW190425) have total mass in between the two cases, therefore we can expect a relative error on the chirp mass of few percents. Information on the expected range of kilonova light curves can be used to instruct EM multi-frequency follow-up campaign of GW-detected mergers with the aim of increasing the opportunity to detect the kilonova associated with the GW signal. As an example, we consider four of the promising candidates in the GW190425 followup campaign (Coughlin et al. 2019a) . At the first detection, two of them (namely ZTF19aarzaod and ZTF19aasckkq) are consistent with the expected kilonova ranges (computed using the chirp mass value M c = 1.44 M ). Therefore further observations are required to classify their nature: they were found to be supernovae after being observed for 1 and 4 days, respectively. Instead ZTF19aarykkb and ZTF19aasckwd are inconsistent with the expected kilonova ranges already at their first detection (they were later classified as supernovae too). This suggest to observe with higher priority alternative candidates at their place, increasing the chance of finding the kilonova associated with the event.
